Abstract-An original Pearson effective potential (PEP) model for including quantization effects in the simulation of nanoscale nMOSFETs has been introduced in a Monte Carlo (MC) simulator. The PEP correction properly accounts for quantum confinement effects in bulk-, single-, and double-gate silicon-on-insulator nMOS capacitors and nanoscale nMOSFETs devices. The results obtained from semiclassical, PEP-corrected, and multisubband MC approaches are reported and compared for a double-gate nMOSFET with a channel length L C = 10 nm and a silicon film thickness T Si = 5 nm at low and high drain voltages. Excellent agreements are obtained between PEP-corrected and multisubband MC methods on both electrical characteristics and microscopic quantities. Finally, the impact of quantum confinement effects on drive current is evaluated in double-gate structures over a large range of channel length and silicon film thickness.
I. INTRODUCTION
I N ADDITION to technological challenges (strain, gate stack, source and drain engineering, ultrathin body, . . .), the development of next CMOS generations requires accurate simulation tools including all physical ingredients likely to have a significant impact on carrier transport and device performance (scattering, out-of-equilibrium and quasi-ballistic transport, quantization effects, . . .). In this context, the Monte Carlo (MC) approach to solving the semiclassical Boltzmann transport equation is particularly well suited even if it does not naturally include quantization effects.
In the last few years, several works investigated the possibility to develop quantum models based on a particle description of transport [1] - [15] . To include quantum confinement effect in an MC simulator, a multisubband description self-consistently coupled with 1-D Schrödinger equation seems presently to be the most rigorous solution [3] , [4] . Along the direction normal to the oxide/silicon interface, the time-independent 1-D Schrödinger equation is solved, which provides the wave function associated with each subband. Along the source-todrain axis, the multisubband Boltzmann transport equation is solved using an MC technique including 2-D scattering rates. This mode-space approach properly accounts for the quantization effects on electrostatics, conductivity mass, and scattering rates in ultrathin double-gate devices but it is computationally intensive, and it may be difficult to extend to other MOSFET architectures. Alternatives to the mode-space approach are the quantum corrected potential methods [7] - [15] . They consist in modifying the electrostatic potential so as to reproduce quantum confinement effects. Scattering mechanisms are assumed to be identical to those of a conventional semiclassical MC approach. Among the different quantum corrected potentials, the Gaussian effective potential (GEP) formulation [11] - [15] is of great interest because it is weakly sensitive to the particle noise inherent in MC simulation and it is an alternative to the Schrödinger-Poisson (SP)-based effective potential [9] that requires to solving the Schrödinger equation. However, as already reported in [11] - [15] , the GEP correction can accurately reproduce SP integral quantities such as the total inversion charge but fails to correctly model the electron density profiles. The discrepancy between GEP and SP density profiles is particularly important close to the SiO 2 /Si interfaces. It is thus particularly critical in ultrathin double-gate structures, where electron wave functions are affected by two such interfaces. In this paper, we demonstrate the ability of an original effective potential formalism to properly introduce the quantum confinement effects in an MC simulator, i.e., not only the electrostatics in long nMOS capacitors but also the electron transport in nanoscale nMOSFET devices. This new Pearson effective potential (PEP) formulation mainly consists in an improvement of the particle wave-packet description: The Gaussian distribution in the well-known GEP [11] - [14] is replaced by a Pearson IV distribution that much better fits the square modulus of the ground-subband Schrödinger's wave function [15] .
In Section II, we briefly describe the PEP correction in MOS capacitors. Then, its extension to the source and drain areas is described in Section III. Section IV compares the results obtained from semiclassical, GEP-corrected, PEP-corrected, and multisubband MC (MSMC) methods for an ultrashort double-gate nMOSFET at low and high drain voltages. Finally, the influence of quantum confinement effects on the drive current as a function of both the channel length and the silicon film thickness is discussed in Section V.
II. PEP MODEL
We have implemented the GEP [14] and PEP [15] corrections in the framework of a semiclassical MC code (MONACO) [6] that uses an analytical conduction-band structure of silicon considering six ellipsoidal nonparabolic Δ valleys. In the PEP method, the Gaussian function used in GEP correction for calculating the quantum potential by convolution with the Poisson potential is replaced by a Pearson IV distribution [16] , [17] . Owing to a description by its first four moments, such a distribution is well suited to describe more realistically the shape of the squared modulus of the first level Schrödinger's wave function |ψ 0 | 2 , particularly close to Si/SiO 2 interfaces. These moments have been carefully calibrated as a function of the electric field E x in the gate-to-gate direction (referred to as x-axis) and of the silicon thickness T Si to reproduce both |ψ 0 | 2 and the electron density profiles resulting from SP simulations considering ten energy levels [15] , [19] . E x and T Si being known, a set of four parameters defining a Pearson IV distribution is calculated at each grid node of the structure, as described in [15] and [19] . For both corrections, the parameter E B = 3.1 eV is defined at SiO 2 /Si interfaces to represent the oxide barrier height for electrons. In accordance with [11] and [13] , the standard deviation of the Gaussian function is chosen to be equal to σ x = 0.5 nm.
To validate the PEP formulation, the self-consistent simulations of MOS capacitors have been performed for several device architectures: double gate, silicon on insulator (SOI), and bulk [15] , [19] . The results of MC simulations corrected by the PEP model are compared with that obtained from SP calculations and from GEP-corrected MC simulations (with the value σ x = 0.5 nm, as in [11] , [13] ). For example, results obtained for a 10 nm silicon film thickness SOI capacitor and for a bulk nMOS capacitor with a channel doping N A = 10 18 cm −3 and an oxide thickness T ox = 1 nm are presented in Figs. 1 and 2, respectively. The simulations have been performed using the same calibrated parameters as for the double-gate structure [15] . An excellent agreement is obtained between SP and PEP results.
III. DEVICE SIMULATION A. Simulated Device
The simulated device is a double-gate nMOSFET with a channel length L C = 10 nm, a SiO 2 oxide thickness T ox = 1.1 nm and a silicon thickness T Si = 5 nm. Not only the channel but also the source and drain regions are covered with SiO 2 oxide material. The source and drain regions are uniformly doped to 10 20 cm −3 and the P-type residual doping level in the channel is 10 15 cm −3 . The metallic gate work function is 4.56 eV which corresponds to midgap material. The scattering mechanisms included in the model are acoustic intravalley phonon scattering, three f and three g intervalley phonons scattering, and electron-impurity scattering. In all simulations, phonon scattering is computed via bulk-phonons using the same coupling constants for 2-D and 3-D electron gas [4] . To make easier the comparison between semi classical, quantum corrected, and multisubband MC simulations with strictly similar scattering models, surface roughness scattering is not included here. Finally, degeneracy effects are not included in this paper.
B. Treatment of Quantization Effects in Source and Drain
The simulation of the device presented above requires to considering quantum correction not only in the channel area but also in the source and drain areas where quantum confinement between oxide barriers also occurs. In these source and drain areas, and more generally in the case of a quasi-flatband potential profile in the confinement direction, the PEP correction consists in preserving the Gaussian distribution characteristic of the flatband regime, but with an average position evolving at a small distance around the middle of the silicon film. This distance and the standard deviation of the Gaussian distribution are calibrated only as a function of the silicon film thickness.
To study the transition between the flatband and the usual PEP corrections, the electron density profiles in the source-todrain direction (referred to as y-axis) of an nMOS capacitor resulting from SP and PEP simulations is shown in Fig. 3 . No discontinuity is observed at the source/channel junction. Moreover, a very good agreement is conserved between SP and PEP electron density profiles.
C. Boundary Conditions at Source and Drain Contacts
In a usual semi classical MC approach, the charge neutrality conditions on plane ohmic contact are applied, that is not well-suited with quantum confinement effects in source and drain areas. Thus, the following procedure has been adopted. The potential profile along x axis in the middle of the drain area (where boundary conditions do not affect the potential) is applied to the drain contact for Poisson's equation solution. The corresponding boundary condition, i.e., the potential profile applied at the source contact, is the same as at the drain contact but shifted by the drain to source voltage.
To conclude this section, thanks to the 1-D PEP correction extended to the flatband regime with the well-suited boundary conditions, the carrier quantum confinement is correctly described in the full nMOSFET structure.
IV. PEP-CORRECTED VERSUS MULTISUBBAND MC METHODS
In this section, the results obtained from semiclassical, GEPcorrected, PEP-corrected and multisubband MC methods are compared. As for GEP and PEP, MSMC approach [4] has been implemented in the framework of the MONACO code. Contrary to the GEP and PEP corrections, the MSMC solves the Schrödinger equation in the confinement direction and considers that all carriers are confined in a 2-D gas. As a consequence, multisubband (respectively GEP and PEP corrected) MC assumes 2-D (respectively 3-D) scattering rates and carrier movement. The MSMC approach is based on the mode-space approximation of decoupled 2-D subbands only coupled by intersubband scattering. This approximation is proved correct for ultrathin double-gate structures (T Si < 10 nm) [5] . It may become questionable for structures where the subband coupling should be considered in the Schrödinger equation as in (bulk or SOI) single-gate devices, and it cannot be easily applied in thicker devices since a dramatically large number of subbands and/or a tricky coupling with a 3-D continuum of states should be required. In this paper, the MSMC approach has been performed for the 5-nm silicon film thickness double-gate nMOSFET previously described. In the following, electrical characteristics and then microscopic quantities are carefully compared at low and high drain voltages.
It should be noted that the GEP-corrected, PEP-corrected, and multisubband MC methods induce a computation time multiplied by 2, 10, and 30 compared to that of semiclassical MC, respectively.
A. Current-Voltage Characteristics
The electrical output characteristics I DS (V GS ) calculated at V DS = 0.05 V and I DS (V DS ) calculated at V GS = 1.2 V, resulting from semiclassical, GEP-corrected, PEP-corrected, and multisubband MC simulations, are shown in Figs. 4 and 5, respectively. These figures demonstrate the limitations of the GEP correction to properly include quantization effects: It is not only unable to accurately reproduce electrostatic quantum confinement effects but it also overcorrects the current, which yields an underestimation of the drain current by more than 10% with respect to the MSMC results used as reference. Accordingly, the GEP correction is no longer considered in this paper. In contrast, the PEP correction provides excellent results.
The total electron charge extracted at V DS = 0.05 V and V DS = 0.7 V as a function of the gate voltage and resulting from semiclassical, PEP-corrected, and multisubband MC simulations is shown in Fig. 6 . At the same drain voltages and at V GS = 1.2 V, Fig. 7 shows the electron charge all along the device in the transport direction. It is remarkable that, for all quantities plotted in Figs. 4-7 , the PEP results fit in very well with multisubband ones. In Figs. 4 and 5, we observe a reduction of drive current when quantum confinement effects are included (by 6.2% with PEP at V GS = 1.2 V and V DS = 0.7 V). It is mainly explained by a smaller effective gate capacitance due to carrier repulsion at the SiO 2 /Si interfaces (cf. Figs. 6 and 7) , inducing a reduction of inversion charge at a given bias.
B. Microscopic Quantities
Cartographies of electron density obtained by PEP-corrected MC simulations at V DS = 0.05 V and V GS = 1.2 V and at V DS = 0.7 V and V GS = 0.8 V are shown in Figs. 8(a) and 9(a) , respectively. At these same applied voltages, we also compare electron density and potential profiles resulting from semiclassical, PEP correction, and multisubband MC simulations along the confinement and the transport directions [cf. Fig. 8(b)-(d) ; Fig. 9(b)-(d) ]. First of all, comparisons with semiclassical results highlight the impact of quantum confinement effects. At low drain voltage, two maxima of density at about 1 nm from the Si/SiO 2 interfaces are observed [cf. Fig. 8(a)-(c) ]. Fig. 9(a)-(c) shows a gradual reduction of the confinement effects along the channel under high drain voltage. It is mainly explained by the curvature of the conduction band that is less sensitive to the drain voltage at the source end of the channel than at the drain end.
In most cases, excellent agreement is found between PEP and multisubband electron density profiles all along the device. However, at the drain end of the channel and under high drain voltage [cf. Fig. 9(c) ], the electron repulsion at Si/SiO 2 interfaces induced by the PEP correction is less pronounced than that induced by MSMC. Such behavior may be related to carrier heating in this channel region, which is observable in Fig. 10(a) , where the electron kinetic energy averaged in the confinement direction is plotted as a function of the sourceto-drain distance. Indeed, in MSMC simulation, high electric field induces electron heating, which redistributes carriers by phonon scattering within higher subbands with envelope functions different from that of the low-field case. In contrast, using the PEP correction even if the same "quantum" potential barrier is seen by both thermal and hot electrons, hot electrons are allowed to get closer to the oxide interfaces than thermal ones. To still improve the PEP model, an additional correction is probably needed to better describe the repulsive effect for high energy carriers. Moreover, kinetic energies resulting from semiclassical and PEP-corrected MC simulations are quite similar and higher than that resulting from MSMC. This is consistent with the fact that the energy of carriers at thermal equilibrium in a 2-D electron gas is k B T e instead of 3/2 k B T e in a 3-D electron gas (with k B as the Boltzmann constant and T e as the electron temperature). However, it should be nicely observed that this error does not really affect the inversion charge. This conservation combined with the additional excellent agreement obtained on the average velocity profile plotted in Fig. 10(b) consistently explains the good concordance on drain currents calculated by both approaches (cf. Figs. 4 and 5) . Moreover, the velocities obtained from PEP and multisubband MC models are similar to the semiclassical one. Contrary to the electrostatics in the confinement direction, the transport properties in the source-to-drain direction are not significantly affected by the quantum confinement effects in the case of very thin silicon film.
Finally, the very good overall agreement on both electrical characteristics and microscopic quantities between PEPcorrected and multisubband MC approaches for a very aggressive double-gate MOSFET largely validates the PEP correction. Similar results have been obtained on a double-gate nMOSFET with a channel length L C = 20 nm and a silicon thickness T Si = 8 nm [18] . By means of comparisons with semiclassical MC results, the PEP correction can now be used to further study the impact of quantum confinement effect on electron transport and device performances, depending on design parameters.
V. IMPACT OF THE QUANTUM CONFINEMENT EFFECTS
In this section, the simulated devices are double-gate nMOSFETs with a silicon film thickness T Si = 5 nm and a channel length L C varying from 10 up to 40 nm and doublegate nMOSFETs with L C = 20 nm and T Si varying from 5 up to 10 nm. The drive current I DS resulting from semiclassical and PEP-corrected MC simulations and extracted at V GS − V th = V DS = V DD = 0.7 V is shown in Fig. 11 as a function of L C and T Si , where V th is the threshold voltage obtained at low V DS for each device. At these same bias, we plot the inversion charge N inj and the velocity v inj extracted at the maximum of the potential energy (averaged in the confinement direction according to carrier density) obtained on the previous devices with T Si = 5 nm (cf. Fig. 12 ) and L C = 20 nm (cf. Fig. 13 ) for semiclassical and PEP-corrected MC simulations as a function of the drive current I DS .
For all simulated devices, quantum confinement effects induce a decrease of drive current lower than 13% compared to semiclassical results (cf. Fig. 11 ), which is mainly attributed to the decrease of the inversion charge. When the channel length is decreased, we observe a raise of the drive current I DS [cf. Fig. 11(a) ] that presents a linear correlation with the increase of the average velocity at the top of the barrier, while the inversion charge N inj is nearly independent on L C (cf. Fig. 12 ). This increase of injection velocity is directly related to reduced backscattering in the channel. When the silicon film thickness is increased, we observe an increase of the drive current I DS [cf. Fig. 11(b) ], which presents a linear correlation with the increase of the inversion charge at the top of the barrier (cf. Fig. 13 ). This behavior of the inversion charge is a direct consequence of the thinning-induced enhancement of source-access resistance, which weakens the gate control of the channel. Surprisingly enough, when the silicon film thickness is reduced [cf. Fig. 11(b) ], the impact of quantum confinement effects becomes less important, and the drop of drive current is about 7% for T Si = 5 nm. The increase of the inversion charge distribution in the middle of the film partly compensates the carrier depletion near the Si/SiO 2 interfaces, which explains this trend. For 5-nm silicon film thickness, the reduction of drive current due to quantum confinement effects is not very sensitive to the channel length L C [cf. Fig. 11(a) ]; this drive current reduction only slightly increases when L C increases. 
VI. CONCLUSION
The new PEP scheme, developed to account for quantum confinement effects in nanoscaled devices, has been implemented within a particle device MC simulator. This method is particularly convenient in devices where the quantum confinement is relatively weak and a dramatically large number of subbands are required in multisubband approximation. Moreover, the PEP corrections can be successfully extended to ultrathin devices, providing accurate results in terms of both electrical characteristics and microscopic quantities. Indeed, excellent agreement between quantum corrected and multisubband MC simulations is shown on a nanoscaled double-gate nMOSFET. Owing to a judicious calibration dependent on the silicon film thickness and on the local electric field in the confinement direction, the PEP correction properly describes the impact of quantum confinement on electron transport. Comparisons between semiclassical and PEP-corrected MC simulations on nanoscaled double-gate nMOSFETs show that the reduction of the inversion charge induced by quantum confinement effects is mainly responsible for a decrease of about 10% on the drive current.
Finally, the PEP correction is easy to extend to several confinement directions and is well suited for the simulation of various nMOSFET architectures such as double-gate, SOI, or bulk.
